Arterial endothelial phenotype is regulated by local hemodynamic forces that are linked to regional susceptibility to atherogenesis. A complex hierarchy of transcriptional, translational, and post-translational mechanisms is greatly influenced by the characteristics of local arterial shear stress environments. We discuss the emerging role of localized disturbed blood flow on epigenetic mechanisms of endothelial responses to biomechanical stress, including transcriptional regulation by proximal promoter DNA methylation, and post-transcriptional and translational regulation of gene and protein expression by chromatin remodeling and noncoding RNA-based mechanisms. Dynamic responses to flow characteristics in vivo and in vitro include site-specific differentially methylated regions of swine and mouse endothelial methylomes, histone marks regulating chromatin conformation, microRNAs, and long noncoding RNAs. Flow-mediated epigenomic responses intersect with cis and trans factor regulation to maintain endothelial function in a shear-stressed environment and may contribute to localized endothelial dysfunctions that promote atherosusceptibility.
T he interface between hemodynamics and the endothelium is profoundly important for the localization of atherosclerosis. Regional transient flow separations, flow reversals, and multidirectional oscillations, collectively referred to as disturbed flow (DF), occur at and near arterial branches, bifurcations and vessel curvatures prone to the development of atherosclerotic lesions. 1, 2 Disturbed arterial flow is associated with metabolic stress in the endothelium that sensitizes the cells to site-specific inflammatory and other propathological changes. 3, 4 In contrast, nearby regions of pulsatile unidirectional flow (undisturbed flow [UF]) are atheroprotected ( Figure 1 ). Two broad flow-related mechanisms promote differential endothelial phenotypes at susceptible versus protected sites. First, different patterns of biomechanical cell deformation by hemodynamic forces, primarily shear stress, 5 regulate endothelial mechanotransduction pathways, and second, flow-related differences in the transport characteristics of labile peptides, metabolic intermediates, and free radicals induce potent signaling interactions with the endothelium. 6, 7 The mechanisms are not mutually exclusive. This ATVB in Focus series (http://atvb.ahajournals.org/cgi/collection/ biomechanical_stress_in_vascular_remodeling) is directed to recent advances in vascular cell and molecular responses to biomechanical stress. Several other reviews in the series 8-10 discuss mechanisms of atherosusceptibility in relation to spatiotemporal hemodynamics. In our contribution, we introduce and discuss emerging epigenomic and epigenetic mechanisms, particularly transcriptional regulation by DNA methylation, in the determination of arterial endothelial phenotype in regions of flow-mediated biomechanical stress and during exposure of endothelial cells to DF and UF in vitro ( Figure 1 ).
Epigenetics
Epigenetics encompasses heritable changes in nuclear chromatin leading to gene expression changes that cannot be attributed to changes in the primary DNA sequence. 11 Inherited differences in phenotype that occur when the DNA sequence is identical or unchanging include, for example, differential characteristics of monozygous twins, the editing of gene expression essential for precursor cell differentiation through epigenetic gene silencing, progressive changes of chromatin function during normal aging, the normal development and pathological disruptions of neural circuits, and the inactivation of the X chromosome in females. 12, 13 Unlike the stable DNA code, the epigenomic code is dynamic 12 with the potential to figure prominently in disease susceptibility and pathogenesis arising from environmental influences independent of, or in concert with, mutations and single nucleotide polymorphisms linked to many complex diseases including cardiovascular dysfunction. 14 Furthermore, a significant fraction of interspecies differences in gene expression is likely attributable to epigenetic variations arising from noncoding regions of the genome than to mutations in the coding genes. 14, 15 The efforts of the Encyclopedia of DNA Elements and International Human Epigenome Consortia have uncovered thousands of new putative epigenetic regulatory mechanisms in the noncoding regions of the genome. The epigenome is essentially the interface between the genome and the environment. Hemodynamics is a constantly changing environment to which the arterial circulation is exquisitely sensitive through multiple mechanisms of gene regulation. Given the associative relationships between risk factors and cardiovascular disease, the interplay of mechanotransduction and epigenomic regulation of vascular phenotypes that may lead to novel therapeutic interventions warrants further investigation.
Epigenetic Mechanisms
Three major groups of integrated epigenetic mechanisms regulate gene expression: DNA methylation, histone modifications, and RNA-associated gene regulation ( Figure 2 ). Several excellent integrated reviews of cardiovascular epigenetics 14, 16 in the literature include an epigenetics primer for vascular biologists. 17 Nonstandard Abbreviations and Acronyms 
DNA Methylation
DNA methylation is the methylation of the 5-carbon of cytosine residues (5-mC) in DNA usually at cytosine-phosphate-guanine dinucleotides (CpGs) sites. 18 Clusters of dinucleotides, CpG islands, are associated with ≈50% of gene promoters; they tend to be unmethylated, allowing transcription. Methylation of cytosines at or near the promoter region results in gene silencing by suppression of gene transcription 19 ( Figure 2B ). Proximal promoter DNA methylation induces transcriptional silencing by preventing transcription factors from binding to the promoter or by inducing binding of methyl CpG binding proteins to methylated DNA. 20 During embryonic development/cell differentiation, DNA methylation status establishes properties of cell identity essential to define broad areas of development; however, a role for environmentally induced DNA methylation in pathophysiology has emerged. Loss of DNA methylation and hypermethylation (silencing) of growth repressors in cancer are leading epigenetic characteristics of cell proliferation. 21 Dysregulation of gene expression in various disease states such as lupus, multiple sclerosis, neuropsychiatric disorders, homocysteinemia, and senescence has been linked to aberrant methylation profiles. 22 DNA methylation can be evaluated in different functional contexts that range from cell identity to transcriptional activation, use of alternative promoter, transcription efficiency, mRNA splicing, and dynamic regulation, 23 including the transcriptional regulation of some genes as part of the normal management of physiological homeostasis. As mechanisms regulating DNA methylation/demethylation have become better understood, a dynamic role for flow-related endothelial DNA methylation in vascular homeostasis and transition to pathology is emerging.
Central Role of DNA Methyltransferases
Three active mammalian DNA methyltransferases (DNMTs), DNMT1, 3A, and 3B, promote methylation which is counterbalanced by DNA demethylation in which the tet methylcytosine dioxygenase pathway plays a central role 24 (Figure 3 ). DNMT1 is primarily a maintenance enzyme to ensure fidelity of methylation pattern during somatic cell division. DNMT3A and 3B are closely related and, with their molecular partners, regulate de novo DNA methylation. Another methyltransferase DNMT3L lacks a catalytic activity and is inactive but may be important for the stabilization of DNMT3A and associated assembly complexes during de novo methylation in germ cells. 25 Although DNA methylation is generally stable, changes in the expression, targeting, and activities of DNMTs and tet methylcytosine dioxygenase and their associated factors may alter the promoter methylation status of selective genes; it is unclear whether this is readily reversible. Identification of DNMTs in adaptive methylation in response to flow stimuli is discussed below.
Histone Modifications
Histones are the principal proteins of the nucleosome, the stable chromosomal DNA-protein complex composed of ≈146 bp of DNA wrapped around a histone octameric core. 26 The octameric core contains 2 copies of the histones H2A, H2B, H3, and H4, the amino terminal domains of which extend from the core as basic amino acid-rich tails (Figure 2A ). The arrangement of DNA as it winds around histones is instrumental in allowing or preventing transcription. The DNA-histone physical association is markedly affected by post-translational modifications of the tails primarily by acetylation/deacetylation and methylation of lysine residues. By influencing chromatin structure, histone acetylation and methylation determine the accessibility of transcriptional regulators to cis-DNA binding domains. Acetylation (of lysines) is usually permissive for transcription by relaxing DNA compaction, whereas tightly condensed chromatin associated with deacetylated histone prevents DNA transcription 11 as outlined for histone acetylation in Figure 2D . Histone acetylases (HAT) and deacetylases (HDAC) catalyze the net state usually in conjunction with multiprotein complexes. Histone lysine and arginine N-terminal methylation is a posttranslational modification driven by histone-N-methyltransferases. 27 Each step requires a specific set of enzymes with various substrates and cofactors. Whether histone methylation prevents or promotes transcription is complex and is dependent on the combinations of particular methylated histone tail residues and their degree of methylation. Histone modifications or marks are designated by the histone (H) and amino acid, for example, lysine (K) combination and there are many permutations, for example, H3K4 trimethylation (me3) and H3K27 methylation are transcription activating and repressing marks, respectively. Although histone acetylation and methylation are most studied, other histone tail covalent modifications include serine phosphorylation and lysine ubiquitylation and sumoylation. The net effect of all of these modifications, thought to be in constant flux, is the accessibility to DNA of other regulatory proteins, cofactors, and transcriptional inhibitors ( Figure 2C ).
RNA-Associated Gene Regulation
DNA methylation and histone modifications cooperate in controlling gene expression. However a third important mechanism to add to post-transcriptional epigenetic regulation is that of RNA derived from noncoding sequences that can regulate gene expression through the activities of short interfering RNA, microRNA (miRNA) and long noncoding RNA (lncRNA). Of these, miRNAs 28 are the most extensively studied and play important roles in flow-induced responses of the endothelial cell both in vivo 29, 30 and in vitro. 10, 31 miRNAs are highly conserved noncoding small RNAs of 19 to 26 nucleotides that regulate post-transcriptional gene expression. Mammalian miRNAs usually bind to the 3′-untranslated region of target mRNAs, promoting mRNA degradation and inhibiting translation of the protein-coding genes 28 (Figure 2E ). Evolutionarily conserved Watson-Crick pairing between cognate mRNA 3′-untranslated region and miRNA 5′ regions centered on seed nucleotides (2-7 nt) primarily determines miRNA target selection. 32 Individual miRNAs fine-tune the synthesis of many genes and miRNA-mediated proteomes are typically mirrored by transcriptomes. Given the widespread scope but modest repression of transcriptomes/proteomes by individual miRNAs, phenotypic consequences are likely achieved by coordinated actions on multiple targets by single miRNAs or integrated regulation of key pathways by multiple miRNAs. 33 miRNAs in Epigenetics miRNAs function at the post-transcriptional level. There are many interactions between miRNAs, DNA methylation, and chromatin remodeling. 34 miRNAs can be involved in establishing DNA methylation, for example, by targeting the key DNA methylation enzymes DNMT1, 3A, and 3B. 35 In turn, DNMT inhibitors such as 5-Aza-2-deoxycytidine (5-aza) that inhibit DNA methylation can affect miRNA expression, for example, upregulation of miR127. 36 Similar reciprocities were reported with respect to chromatin structure through miRNA regulation of key histone modifiers such as HDAC4; at the same time 4-phenylbutyric acid, an inhibitor of HDAC, upregulated some miRNAs. Collectively, these miRNA epigenetic interactions represent complex dynamic regulation at multiple levels. It is likely that many of the flowsensitive miRNAs identified to date contribute to epigenetic chromatin structure-function via mechanotransduction-specific DNA methylation and histone modifications.
miRNAs in Flow
Flow-sensitive miRNAs, including mechanosensitive miRNAs implicated in atherogenesis, are reviewed by Kumar et al 10 in this ATVB In Focus series; these will not be further reviewed here. An earlier excellent review by Zhou et al 31 that integrates shear stress-related miRNAs into epigenetics is also recommended.
Long Noncoding RNAs
There is currently intense interest in epigenetic regulation by lncRNAs (>100 nucleotides) of which there are at least several thousand in the mammalian genome. Estimates are that each Methylation of the promoter regions of genes dramatically suppresses transcription by direct inhibition of transcription factor binding and recruitment of methyl-CpG-binding proteins, which further hinder access to the recognition site of transcription factors. DNA (cytosine-5-)-methyltransferase 1 (DNMT1) maintains DNA methylation patterns during cell proliferation via methylation of a hemi-methylated nascent DNA strand. DNMT3A and DNMT3B are required for genome-wide de novo methylation and play crucial roles in the establishment of DNA methylation patterns. Methylation by DNMTs is counterbalanced by DNA demethylation. TET (ten eleven translocation) oxidizes 5mC to 5-hydroxymethylcytosine (5hmC) and subsequently to 5-formyl cytosine (5fC) and 5-carboxy cytosine (5caC). The carboxyl group of 5caC is excised by thymine DNA glycolase (TDG) to restore cytosine. annotated gene is overlapped by ≈10 isoforms that can interact with the biology of the cell at multiple levels and with great complexity via cis and trans targeting, enhancement, decoy, scaffold, conformational, and coactivation/corepressor mechanisms. 15 Functional interpretation is difficult and frequently confounded by redundancies.
In contrast to miRNAs, lncRNAs are only recently under investigation in flow mechanotransduction. Interesting preliminary data were recently reported in abstract form 37 demonstrating that shear stress (steady flow versus no-flow in vitro) regulates the expression of candidate lncRNAs in endothelial cells. Downstream effects on metalloprotease AMZ2 (archaemetzincin-2) expression via lncRNA binding to the repressive chromatin mark H3K27me3 were reported.
Epigenetic Changes in Atherosclerotic Lesions
Unsurprisingly, DNA methylation changes and chromatin structural modifications are readily detectable in atherosclerotic tissue. Administration of the HDAC inhibitor trichostatin A to LDLR −/− mice exacerbated atherosclerosis. 38 Unfortunately, interpretation of cell-specific mechanisms is confounded by the comparison between complex lesions that develop in the arterial intima versus undiseased vessel wall composed almost entirely of medial smooth muscle cells. For example, a significant hypomethylation of CpG dinucleotides was measured in the coding region of extracellular superoxide dismutase from rabbit aortic atherosclerotic lesion when compared with normal intima-media. 39 However, this likely reflects a comparison between monocyte-derived macrophages in the lesion versus the smooth muscle cell-rich media in normal aorta. More instructive epigenetic data have been obtained when the tissue cell types can be identified or when in vitro manipulations of cell cultures can be used. Hiltunen and Yla-Herttuala 40 likened atherosclerotic lesions to benign vascular tumors because of the proliferation and monoclonality of intimal smooth muscle cells; they demonstrated the development of hypomethylation during transition of smooth muscle cells from a contractile to a synthetic, proliferative state in vitro. Lund et al 41 
Endothelial Methylome In Vivo: Disturbed and UF Sites
Whole or partial genome sequencing of the endothelial DNA methylome in vivo provides a high-level view of site-specific differential methylation regions (DMRs) in endothelium in vivo without discriminating between developmentally stable epigenetics and that which may be under dynamic regulation. We performed comparative genome sequencing of endothelium from well-characterized arterial flow sites of disturbed (susceptible) and undisturbed (protected) blood flow in swine to create a DMR atlas. Using methylated DNA immunoprecipitation sequencing, the genome-wide DNA methylation patterns in endothelial cells from pig aortic arch (atherosusceptible) and descending thoracic aorta (atheroresistant) were examined in detail. A total of 5517 DMRs with an average length of 804±45 bp were identified in somatic chromosomes representing ≈0.2% of the (swine) genome. A total of 4019 regions were hypomethylated, whereas 1498 regions were hypermethylated in aortic arch relative to thoracic aortia endothelium. Methylated regions and DMRs predominantly overlapped with gene-and CGI-rich regions. Enrichment in the 5′-untranslated region suggests a functional role for DMRs in the transcriptional activity of genes. DMR-associated genes are involved in endoplasmic reticulum stress and superoxide radical degradation, pathways that have been identified as common features in DF atherosusceptible regions of swine arteries. 43, 44 The association of DMRs with specific cytosines/CpG islands in and near the promoters of 
DMR and Homeobox Genes In Vivo
DMR comparisons between atherosusceptible and protected sites in normal swine methylome revealed a sharp distinction in the homeobox (HOX) loci (Figure 4 ). These loci are associated with previously identified differentially expressed HOX genes, including HOXA4/5/7/10/11, HOXB5/6/7/13, HOXD10, 4 and the regulatory miRNA mir-10a/b. 29 HOX transcription factors, master regulators of body patterning, 46 have been reported to specify cell identity and position in arterial blood vessels. 47 The HOX genes regulate endothelial cell proliferation, migration, differentiation, morphogenesis, and permeability during development and vascular remodeling in adults. HOXA3/9, HOXB3/5, and HOXD3 regulate endothelial cell activation, whereas HOXA5 and HOXD10 sustain quiescent endothelial phenotype and are increased during the maturation of endothelial cells. 48 HOXA3 and HOXD3, which promote a proliferative and migrative phenotype, are induced in the early phase of endothelial differentiation.
Endothelial DMR and HOXA5 gene expression were also linked in vivo after induction of DF in carotid artery of apoE −/− mice, 42 possibly by enhanced DNMT1 expression; 5Aza inhibited HOXA5 hypermethylation. Of 11 mechanosensitive genes whose promoters were hypermethylated under DF conditions in this mouse study, HOXA5 was robustly silenced by DNA methylation and rescued by 5-Aza. It is noteworthy that HOXA5 was the most hypermethylated DMR and the most suppressed Hox transcript in steady state DF in swine aortic arch endothelium. Collectively these DMR studies in pigs and mice identified endothelial Hox genes, and specifically HOXA5, as putative DMR-sensitive epigenomic targets associated with site-specific DF in vivo. Regulation of endothelial HOX gene expression by DNA methylation may underlie important regulatory mechanisms of regional endothelial diversities in the cardiovascular system and some, such as HOXA5, may show selective plasticity to flow characteristics.
Flow-Induced Plasticity of Endothelial DNA Methylation In Vitro

Changes in DNMT1 and DNMT3A by DF In Vitro
The application of different flow characteristics to cultured human arterial and umbilical vein endothelial cells (HAEC and HUVEC, respectively) allows mechanisms of DF and UF to be addressed under controlled and accessible conditions. Flow waveforms that capture the dominant characteristics of human arterial hemodynamics can readily be generated in vitro 1,2 (Figure 1 ). All flow in large arteries is unsteady (pulsatile 49 reported no significant changes in mRNA expression of the methyltransferases DNMT1, 3A, and 3B nor enzymes involved in cytosine demethylation-tet methylcytosine dioxygenase 1, 2, 3; TDG1; GADD45B; MBD4; and SMUG1-after exposure to DF; DNMT3L expression was undetectable. However, a significant increase in DNMT3A protein was detected. An increase in DNMT3A protein without change of the mRNA levels suggests a post-transcriptional or post-translational mechanism (eg, sumoylation) 50 of DNMT3A regulation by flow.
After specific genes are shown to be methylated by DF, it is necessary to conduct detailed studies assessing the methylation status of individual CpG sites in the promoter and gene body sequences. This approach has recently been described for the important endothelial transcription factor Kruppel-like Factor 4 (KLF4). 49 
DMR and KLF4
KLF4 is a member of the zinc-finger regulatory transcription factor family; it targets gene networks that confer atheroprotective, 51 anti-inflammatory, 52 and antithrombotic 53 properties to the endothelium. Localized dysfunction and suppression of KLF4 are therefore propathological and are characteristic of atherosusceptible endothelium at sites of DF in vivo. 49 Because endothelial NO synthase 3 (NOS3), monocyte chemoattractant protein-1 (MCP-1), and thrombomodulin (THBD) are downstream targets of KLF4, its suppression in endothelium may have important downstream pro/anti-inflammatory consequences. Having identified an endothelial DMR site close to the promoter of KLF4 that was hypermethylated in the atherosusceptible aortic arch of swine, Jiang et al 49 exposed HAEC to DF in vitro for 48 hours to demonstrate hypermethylation of the human KLF4 promoter when compared with UF. Differential CpG site methylation was measured by methylation specific polymerase chain reaction, bisulfite pyrosequencing, and methylation-sensitive restriction enzyme polymerase chain reaction. DF increased DNA methylation of CpG islands within the KLF4 promoter, significantly contributing to suppression of 2) was used to visualize differentially methylated regions (DMRs) and cytosine-phosphate-guanine dinucleotide (CpG) islands at homeobox gene loci HOXA, HOXB, and HOXD (chr18, chr12, and chr15, respectively). DMRs are shown as blue and purple regions, which represent hypermethylation and hypomethylation in aortic arch, respectively (n=12, false discovery rate<0.1).
KLF4 transcription. The DNMT inhibitors 5-Aza and RG108
prevented DF-induced methylation of the KLF4 promoter, extending 1.5 kb upstream of the transcription start site. As noted above, DF induced a modest increase of DNMT3A protein in HAEC. However, when chromatin loading of DNMT3A enzyme at the KLF4 promoter was examined by ChIP (chromatin immunoprecipitation) polymerase chain reaction assay, a specific 11-fold DNMT3A enrichment of the KLF4 promoter was identified in DF over UF. 49 Tet methylcytosine dioxygenase 1 enrichment was equivalent in DF and UF.
The human KLF4 promoter contains a single myocyte enhancer factor-2 (MEF2) binding site. To test whether hemodynamic forces could regulate the methylation status of CpG in and near the MEF2 binding sequence, the methylation levels at individual CpG sites were measured by bisulfite pyrosequencing. DF further enhanced CpG methylation close to the MEF2 binding sequence. 49 Consistent with this, DF reduced the chromatin loading of MEF2 protein to the KLF4 promoter by 80%, confirming that MEF2-enhanced KLF4 gene transcription is impeded by methylation of the KLF4 promoter. Sustained knockdown with shDNMT3A blocked methylation of the MEF2 binding region, demonstrating DNMT3A specificity. Thus, competitive inhibition by DNMT3A-mediated hypermethylation of a MEF2 binding region in the KLF4 promoter near the transcription start site significantly contributes to transcriptional suppression of KLF4 in DF as outlined in Figure 5 .
The above mechanisms have downstream consequences for KLF4 transcription targets. DF-induced KLF4 hypermethylation in HAEC inhibited the atheroprotective expression of NOS3, THBD, and upregulated proinflammatory MCP-1 (which is normally inhibited by KLF4) 49 (Figure 5 ). All 3 genes are KLF4 targets. For example, the resilience of the human NOS3 gene to hypermethylation is attributed to its hypomethylated status being a critical determinant of endothelial cell identity established during development. 54 Other endothelial cell-restricted genes 17, 55 may also be more readily regulated by pleiotropic transcription factors that are sensitive to transcriptional regulation by DNA methylation.
Flow-Mediated Endothelial HDAC/HAT Activity In Vitro
Prescient in vitro experiments by Illi et al 56 first established the molecular basis for epigenetic histone modification by shear stress in endothelial cells. The application of laminar shear stress to HUVECs activated histone H3 phosphorylation and acetylation and H4 acetylation that were further increased by the HDAC inhibitor trichostatin A. Flow stimulated CREB (CRE binding protein)/coactivator transcriptional complex formation that resulted in enhanced HAT activity; the HAT/HDAC balance presumably determines net acetylation. Selective inhibition studies suggested that the flow-dependent phosphorylation and acetylation of histones were independently regulated by different signaling pathways. Parallel experiments on chromatin remodeling by growth factors in the same study suggested that although shear stress and growth factors may share signaling pathways, histone modifications remain distinct to each stimulus. Zeng et al 57 investigated the mechanisms by which flow regulates p53 and p21 Waf1 in endothelial cells. Laminar flow suppression of endothelial cell cycle at the transition from the G1 to S phase is associated with an increase in the expression of p21 Waf1 . Undisturbed laminar flow led to an increase in p53 acetylation at Lys-382 but a deacetylation at Lys-320 and Lys-373 contributing to the activation of p21 Waf1 . HDAC1 coimmunoprecipitated with p53 and HDAC activity of the immunoprecipitate was increased significantly by laminar flow.
Chen et al 58 demonstrated that the binding of nuclear factor-κB subunits p50 and p65 to NOS3 promoter by steady UF was dependent on activation of p300/HAT that acetylates p65 and histones close to the NOS3 shear stress response element. P300/HAT activation was essential for increased NOS3 transcription, an important protective response associated with undisturbed laminar flow. Inhibition or knockdown of p300/ HAT completely prevented shear-induced NOS3 increase.
The above studies compared static conditions to simple laminar flow rather than measurements of DF versus UF analogous to arterial flow in vivo (which is never static). The first Figure 5 . Disturbed flow influences endothelial DNA hypermethylation via DNA methyltransferase 1 (DNMT1) 42, 45 and DNMT3A 49 pathways. A mechanism regulating Kruppel-like factor 4 (KLF4) promoter methylation that contributes to suppression of transcription 49 is illustrated. Disturbed flowinduced DNMT3A enrichment of endothelial KLF4 promoter near the transcription start site increases cytosine-phosphate-guanine dinucleotide methylation. The resulting hypermethylation of KLF4 promoter induces gene silencing by preventing the chromatin binding of myocyte enhancer factor-2 (MEF2) to the KLF4 promoter. Decreased KLF4 expression inhibits its transcription targets Thrombomodulin (THBD) and NO synthase 3 (NOS3) and derepresses expression of monocyte Chemoattractant factor-1 (MCP-1) leading to a proinflammatory, proatherosclerosis phenotype. Intervention by DNMT inhibitors (RG108; 5-azacytidine) rescues this pathway. Acvrl1 indicates activin receptor-like kinase 1; and Cmklr1, chemokine-like receptor 1.
comparative study of DF effects on HDAC activity arose from immunohistochemical staining of endothelial HDAC expression in situ. Having noted by immunostaining that HDAC3 expression of mouse arterial endothelial cells was enhanced at DF near branches, Xu and colleagues 59 demonstrated that DF, but not undisturbed shear stress, increased HDAC3 expression in HUVEC. Neither flow profile increased deacetylase activity. HDAC3 knockdown, however, promoted apoptosis. Stabilization of HDAC3 in DF was potentiated by a strengthening of a complex formed between HDAC3 and the serine/threonine protein kinase Akt via increased phosphorylation of HDAC3. Overexpression of HDAC3 upregulated Akt phosphorylation and Akt kinase activity, and overexpression of Akt partially rescued the HDAC knockdown-induced apoptosis. Therefore, DF-induced HDAC3 seems to protect against apoptosis, promoting cell survival in a complex biomechanical stress environment.
Lee et al 60 expanded the involvement of HDACs in endothelial responses to flow, demonstrating that DF characteristics increase expression and activities of multiple HDACs. In direct comparisons of oscillatory and pulsatile undisturbed (unidirectional) shear stress, the expression and nuclear accumulation of HDAC1/2/3 and HDAC5/7 were upregulated in DF, whereas UF promoted nuclear export of HDACs 5 and 7. Immunostaining in rat aortic arch and in a stenosed DF region of abdominal aorta identified local HDAC2/3/5 expression. HDAC1/2/3 is also involved with endothelial atheroprotection through regulation of oxidative status. KLF2 and the antioxidant transcription factor NF-E2-related factor 2 (Nrf2) are upregulated by UF but suppressed by DF; these transcription factors are estimated to regulate a significant fraction of atheroprotective shear stress-induced gene sets in endothelium. 61 Nrf2 binds to the antioxidant response element in the promoter region of antioxidant genes, including NAD(P) H quinone oxidoreductase-1, to induce their expression. 62 Coimmunoprecipitation demonstrated that DF increased the association of Nrf2 with HDAC-1/2/3 resulting in deacetylation of Nrf2, reduced binding to NAD(P)H quinone oxidoreductase-1 antioxidant response element, lowered expression of NAD(P)H quinone oxidoreductase-1 and consequently greater susceptibility to oxidative stress. 61 A similar approach demonstrated a DF-induced HDAC 3/5/7 association with MEF2, a transcription factor that binds to the KLF2 promoter; deacetylation of MEF2 led to inhibition of KLF2 expression.
Sirtuin 1 (SIRT1), a NAD-dependent HDAC that protects against oxidative stress by deacetylating forkhead transcription factors 63, 64 and p53, 65 thereby inhibiting their ability to induce apoptosis, is also implicated in flow-mediated regulation of endothelial NOS. 66 Pulsatile unidirectional UF induced SIRT1 deacetylase activity in HUVECs whereas expression was unchanged by DF (oscillating shear stress). Consistent with the in vitro findings, endothelial SIRT1 expression in the undisturbed region of mouse thoracic aorta was elevated in comparison to the aortic arch (DF). Sirt1 elevation was linked to increased mitochondrial biogenesis and its attendant key regulators. SIRT1 was shown to associate with endothelial NOS resulting in deacetylation and increased availability of nitric oxide. Because DF is associated with chronically increased ROS and oxidative stress induces SIRT1, why is SIRT1 not elevated in DF? Chen et al 66 suggest that in contrast to oscillatory DF, pulsatile UF has a transitory effect on ROS elevation that is more effective in inducing SIRT1. Consistent with this idea is that short exposure to hydrogen peroxide induces SIRT1, whereas longer exposure does not. They suggest that high ROS levels in DF activate poly(ADP-ribose) polymerase-1 resulting in NAD+ depletion that inhibits SIRT1. Although further clarification of these competing mechanisms in a complex cell survival scenario is warranted, it is nevertheless clear that atheroprotected regions of mouse aorta express much higher levels of SIRT1 than the atherosusceptible aortic arch despite much higher ROS in the arch.
Perspectives
The endothelium is a dynamic complex metabolic interface, the biology of which is exquisitely sensitive to local biophysical forces generated by constantly flowing blood. Flow separation-induced disturbances result in adaptive cellular responses that predispose the artery to atherogenesis at specific sites but do not induce pathology unless accompanied by additional risk factors. Instead, susceptibility is related to the chronic adaptation of cellular phenotype that allows continuation of the major functions of endothelium. Whether this is dysfunction or an adaptive resetting of the rate constants for many different cellular pathways (allowing an extended but still normal range of functional activity) is a semantic point. Susceptible phenotype matters because it is the template that determines transition to pathology, whereas elsewhere the artery wall is protected against lesions either by the absence of susceptibility or the presence of additional specific protective mechanisms.
There have been extensive cell and molecular studies of biomechanical responses in endothelial cells. Many have investigated the effect of simple (often steady) flow versus no-flow for which there is no arterial flow equivalent; yet, remarkably, pathways and major regulatory molecules have been identified of great relevance to regional arterial differences in vivo, for example, KLF2. 67 More recently, flow characteristics in vitro and in vivo are being closely matched to allow direct comparison of DF versus UF. Furthermore, with advances in 4-dimensional flow visualization and computation, 68 the dynamic environment of endothelium at specific arterial sites is established. Cell phenotype profiles obtained from in vivo sites can then be used to establish candidate targets of interest for in vitro investigations (eg, miRNAs). 28, 31 Access to efficient and economical sequencing methodologies has expanded the opportunities to analyze flow-related regulation of endothelial biology in great detail. Although it was realized a decade ago that epigenetic/ epigenomic pathways can regulate endothelial responses to shear stress, only relatively recently has the emergence of Encyclopedia of DNA Elements and the Human Epigenome Consortium revealed the vast potential of dynamic epigenomic regulation of gene expression, including that by physical stimuli such as biomechanical stress. The recent demonstrations of endothelial KLF4 and HOXA5 proximal promoter DNA hypermethylation by DF 42, 49, 69, 70 are an emerging epigenomic mechanism of flow-associated transcriptional regulation to add to post-transcriptional regulation by histone remodeling and noncoding RNAs. Further studies will determine whether transcriptional regulation by DNA methylation plasticity to flow is common at the many DMRs identified in the endothelial methylome. Collectively, epigenetics has greatly expanded our understanding of the complex hemodynamic-arterial endothelial biology interface and its role in susceptibility to cardiovascular disease. 
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